Introduction {#s1}
============

Pine oleoresin is a major source of terpenes, consisting of turpentine (mono- and sesquiterpenes) and rosin (diterpenes) fractions. Oleoresin represents a key element of defense in conifers and its production can be affected by biotic and abiotic factors, which include mechanical injury, pathogen attack, water availability, seasonality, and chemical stimulating treatments (Rodrigues-Corrêa and Fett-Neto, [@B51]). Higher oleoresin yields are economically desirable, since oleoresin derivatives make up a valuable source of materials for chemical industries (Rodrigues-Corrêa et al., [@B49]). Currently, oleoresin is extracted for commercial purposes from living trees, often by the bark streak method, in which bark removal is done periodically, followed by application of chemical stimulant paste containing sulfuric acid and other chemicals on the freshly wounded exposed surface (Rodrigues-Corrêa et al., [@B50]). Chemical stimulant pastes may contain phytohormones or their precursors (e.g., ethylene, auxin, salicylic acid), metal ions (enzyme activators or co-factors, such as potassium and iron), or reactive oxygen species generators (e.g., paraquat), all of which increase resin production and/or facilitate its flow by activating defense responses (Rodrigues-Corrêa and Fett-Neto, [@B51]).

Terpenes of conifers are mostly biosynthesized by secretory tissue in the inner surface of resin ducts present in conifer bark and xylem, in the cambium zone, and associated vascular tissues (Back, [@B2]). Resin accumulates within the ducts, exerting positive pressure on its walls, thereby being exuded upon wounding (Trapp and Croteau, [@B55]). Terpenes are derived from isopentenyl pyrophosphate (IPP), produced either through the mevalonate pathway in the cytosol-endoplasmic reticulum or by deoxi-xylulose-5-phosphate pathway in the plastids (Phillips and Croteau, [@B38]).

The pathway of terpene biosynthesis may be divided in various stages. First, IPP is synthesized and isomerized to dimethyl allyl diphosphate (DMPP). Then, prenyltransferases catalyze the condensation of these two C5-units to geranyl diphosphate (GPP), forming monoterpenes (C~10~), and the subsequent 1′-4 head-to-tail additions of isopentenyl diphosphate generate farnesyl (FPP) and geranylgeranyl (GGPP) diphosphate, which fuse to originate sesquiterpenes (C~15~) and diterpenes (C~20~), respectively. Next, the prenyl diphosphates undergo a range of cyclizations driven by terpene synthases (TPS) and other modifying reactions to produce the immense diversity of different terpenoid metabolites (Rodrigues-Corrêa et al., [@B50]).

Although chemical stimulant pastes have been intensely studied in *Pinus elliottii* Engelm var. *elliottii* (slash pine) aiming at higher yields of oleoresin (Rodrigues et al., [@B46], [@B45]; Rodrigues and Fett-Neto, [@B47]; Rodrigues-Corrêa and Fett-Neto, [@B48]), knowledge of genes and their regulatory pattern for terpene biosynthesis in commercial forests are still unknown. Acquiring this information would be a crucial aspect to understand the biochemical and physiological basis of oleoresin production. Hence, the aim of this study was to evaluate the stability of 11 putative reference genes for the purpose of normalization in studying *P. elliottii* gene expression during oleoresinosis under field conditions, undergoing tapping operation with different stimulant pastes and at different time points after paste application. Statistical methods established by *geNorm* (Vandesompele et al., [@B57]), *NormFinder* (Andersen et al., [@B1]), and *BestKeeper* (Pfaffl et al., [@B37]) were comparatively used to analyze the data. In addition, to confirm stability of the candidate reference genes, expression profiles of putative *P. elliottii* orthologs of conifer genes encoding several terpene synthases involved in biosynthesis of different resin components were monitored following stimulant paste application.

Materials and methods {#s2}
=====================

Plant material and resin tapping process
----------------------------------------

Approximately 16 years-old slash pine (*P. elliottii* Engelm. var. *elliottii*) trees with a diameter at breast height ranging from 65 to 90 cm, grown at Irani Celulose forest installations, Balneário Pinhal, RS, Brazil (30°14′S and 50°14′W), were used in the experiments. Resin tapping was performed according to a protocol previously established (Rodrigues et al., [@B45]) based on Pio and Valente ([@B40]), using the "bark streak" system (Stubbs et al., [@B54]). Each stimulant paste contained 20% of sulfuric acid in aqueous solution and rice husk powder as an inert substrate to optimize paste consistency. Single modifications in the composition of the resin stimulant paste were done by including 1.0 mM of the synthetic auxin 1-naphthaleneacetic acid (Treatment name: NAA), 500 mM potassium sulfate (Treatment name: POTASSIUM) or 3% of 2-chloroethylphosphonic acid (Treatment name: CEPA) (v/v of active ingredient, an ethylene releasing agent). A negative control without paste application (bark streak only) was also included. The treatments and rationale for application are listed in Table [1](#T1){ref-type="table"}.

###### 

**Oleoresin stimulant paste adjuvant treatments tested under field conditions on bark wounds of *P. elliottii***.

  **Treatment**   **Adjuvant**                   **Mode of action**
  --------------- ------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  POTASSIUM       Potassium sulfate              Potassium is a cofactor of conifer terpenoid synthases (Savage et al., [@B52]; Trapp and Croteau, [@B55]; Rodrigues et al., [@B45])
  NAA             Naphthaleneacetic acid         Promotes ethylene biosynthesis (increases ACC synthase gene transcription) and may induce resin duct formation, as a result of cambial activity stimulation (Chae and Kieber, [@B5]; Song et al., [@B53]; Rodrigues and Fett-Neto, [@B47])
  CEPA            2-Chloroethylphosphonic acid   Precursor of ethylene, signaling molecule involved in stress-induced responses, increases biosynthesis of mono- and diterpenes (reviewed in Rodrigues-Corrêa et al., [@B50])

Each treatment consisted of five trees randomly selected, each located in the inner portion of the forest, excluding the trees in forest borders. The trees used in this study had been previously tapped for resin production biweekly for one year with the respective stimulant paste. For this experiment, the process of tapping and application of stimulant paste directly on the fresh wounds occurred only once. Immediately after paste application and after 5, 8, and 15 days, a novel mini bark streak was made right above the previous one, phloem tissues were removed using a wood chisel and the cambium was exposed (Figure [1](#F1){ref-type="fig"}). Vascular cambium was scrapped and the removed tissue was immediately frozen in liquid nitrogen and kept at −80°C until RNA extraction. Tissue had to be harvested slightly above the wound streak due to poor quality of RNA obtained in the wound line itself. The mini bark streak approach was also chosen because it is known that stimulant chemicals in paste can move upward and sideways in the tree, affecting surrounding tissues (Brown and Nix, [@B3]; Rodrigues-Corrêa and Fett-Neto, [@B51]).

![**Schematic representation of RNA extraction from vascular cambium of slash pine trees**. Process of tapping and application of the respective stimulant paste was performed on day 0. On days 0, 5, 8, and 15 after tapping, a small novel bark streak was made right above the previous one, phloem tissues were removed using a wood chisel and the cambium was exposed. RNA was extracted from vascular cambium region and immediately frozen in liquid nitrogen for subsequent analysis. Stimulant paste treatments were: NAA, POTASSIUM, CEPA, or control (bark streak only).](fpls-07-00849-g0001){#F1}

Biomass of resin yielded by each treatment was estimated as an average for one bark streak based on the winter season production of 80 individual trees of the same stand.

Isolation of RNA and first strand cDNA synthesis
------------------------------------------------

Total RNA was isolated from vascular cambium of slash pine plants using Concert plant RNA reagent (Life Technologies), following manufacturer indications. Total RNA (500 ng) was treated with 1U DNAse I and DNAse I reaction buffer (Life Technologies) before cDNA synthesis. Total RNA concentration was determined using an UV spectrophotometer (Nanodrop, Thermo Scientific) and nucleic acid quality was checked with 2100 Bioanalyzer instrument (Agilent). For the amplification of the candidate reference genes, all treated RNA was reverse transcribed using oligo-dT primers and M-MLV reverse transcriptase (Life Technologies) in a final volume of 20 μl. The final cDNA products were diluted 50-fold in RNAse-free distilled water prior to use in qPCR.

PCR primer design
-----------------

Eleven genes were selected as candidate internal controls and are described in Table [2](#T2){ref-type="table"}. Genes were previously reported as reference genes in embryogenesis studies with other conifer species such as *P. taeda, P. pinaster*, and *Picea abies* (Gonçalves et al., [@B16]; de Vega-Bartol et al., [@B11]). Primers for *ACT, ATUB, CYP* and *eEF* genes were designed with Primer3 v 0.40 (Applied Biosystems, Foster City, CA, USA) using the default parameters of the software. Primers for all other candidate genes were employed as reported in conifer embryogenesis studies (Gonçalves et al., [@B16]; de Vega-Bartol et al., [@B11]). All primer pairs were checked for their probability to form dimers and secondary structures. Expression profiles of putative *P. elliottii* orthologs of resin biosynthesis-related genes were also examined following different stimulant paste application. To that end, the best pair of reference genes selected in this study was used as normalizer and the data were analyzed by the different softwares. Primers for amplifying transcripts of the various terpene synthase genes are listed in Table [S1](#SM4){ref-type="supplementary-material"}.

###### 

**Description of candidate reference genes, primers, and amplicons for internal control gene selection in *P. elliottii***.

  **Gene**                                            **Function**                                                                                                            **Primer sequence (5′-3′) (forward/reverse)**   **Amplicon length (bp)**   **Amplification efficiency**   **GenBank accession number or Reference**
  --------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------- ----------------------------------------------- -------------------------- ------------------------------ -------------------------------------------
  *ACT* (actin)                                       Structural constituent of cytoskeleton, ATP binding                                                                     CACTGCACTTGCTCCCAGTA/GGTCTTGGCAATCCACATCT       130                        1.961                          [AY172979](AY172979) (*Pt*)
  *AK* (adenosine kinase)                             Phosphotransferase activity, cysteine biosynthesis                                                                      ATCTTTAGGGCTATTTCTTC/TTACT GAGGCATTGATGA        127                        1.845                          de Vega-Bartol et al., [@B11]
  *ATUB* (α-tubulin)                                  Structural constituent of cytoskeleton, microtubule-based processes                                                     CCGTTTCTTCGCAGTTTTTC/CAAGCATTTCCAACCTGGAT       119                        1.878                          [KF158848](KF158848) (*Pt*)
  *CYP* (cyclophilin)                                 Protein folding and trafficking, pre-mRNA splicing, extracellular signaling molecules                                   TGCAAAGACAGAGTGGTTGG/GCAATAACTACGGGCTTGGA       129                        1.870                          [EF532602](EF532602) (*Pt*)
  *eEF (*elongation factor)                           Translational elongation                                                                                                ACAACCACTGGGCATTTGAT/ACGTTCAGCCTTGAGCTTGT       138                        1.866                          [FN256567](FN256567) (*Pp*)
  *eIF4AII* (translation initiation factor 4AII)      Mediates the recruitment of ribosomes to mRNA, delivery of an RNA helicase to the 5′ region of the mRNA                 ATTCAGGTGGGTGTTTTCTCT/GTGTGATTGCCAGGGTCTC       202                        1.943                          Gonçalves et al., [@B16]
  *HEATS* (homologous to a heat shock protein)        Response to heat and high light, protein folding                                                                        GGCAGAATACAAGAATGG/TTGAAGTTCCGTCAGTTA           120                        1.944                          de Vega-Bartol et al., [@B11]
  *HISTO3 (*histone 3)                                Cell proliferation, DNA Binding, RNA methylation                                                                        GCTGAGGCTTACCTTGTG/CCAGTTGTATATCCTTAGGCATAA     94                         1.877                          de Vega-Bartol et al., [@B11]
  *REDUC* (homologous to a ether reductase protein)   Ether reductase protein, response to cadmium                                                                            AGGAAGACATTGGAACATT/CAGAGTATTGGCAGGAAG          92                         1.878                          de Vega-Bartol et al., [@B11]
  *SAND* (SAND protein)                               Intracellular vesicular transport, biogenesis, and vacuole signaling                                                    GATCGTGGAGCAATTTGG/TTATCGACATATCATCCTCATT       86                         1.832                          de Vega-Bartol et al., [@B11]
  *UBI* (ubiquitin)                                   Signaling complexes for protein degradation, translation control, DNA repair, endocytosis regulation, protein traffic   GATTTATTTCATTGGCAGGC/AGGATCATCAGGATTTGGGT       149                        1.870                          de Vega-Bartol et al., [@B11]

*Pt, P. taeda; Pp, P. pinaster*.

Amplification and sequencing of the reference genes
---------------------------------------------------

All genes were amplified from the pooled cDNA and reactions were carried out in total volumes of 50 μl, containing template cDNA (1:50 dilution in water), 10 X PCR Buffer, 10 mM dNTPs, 50 mM MgCl~2~, 10 μM each primer (forward and reverse) and 5 U/μl Platinum Taq polymerase. The cycling conditions for the amplification of PCR products involved an initial denaturation of 95°C/5 min, followed by 40 cycles of 95°C/30 s, primer-specific annealing temperature/30 s and 72°C/30 s.

Specificity of each primer pair was verified by sequencing amplicons in an ABI 3100 automatic DNA sequencer (Life Technologies). Proper sizes of amplification products were further confirmed by gel electrophoresis on 1% agarose gel and visualization after staining with ethidium bromide.

qPCR
----

The synthesized cDNA was diluted 1:50 with RNAse-free distilled water, and 10 μl of the diluted cDNA was used as a template for quantitative real-time PCR analysis. PCR reactions were carried out in a technical quadruplicate for each sample and performed in a total volume of 20 μl as described previously (de Almeida et al., [@B9]). All analyses were performed using three biological replicates for each time point and individual treatment. Reactions were performed in fast optical 48-well reaction plates 0.1 ml (MicroAmp™--Applied Biosystems) using a StepOne™ Real-Time PCR System (Applied Biosystems) according to the manufacturer instructions. PCR amplifications included an initial denaturation step of 5 min at 95°C, followed by 40 cycles of 15 s at 95°C, 10 s at 60°C, and 15 s at 72°C, after which samples were held for 2 min at 40°C for annealing and then heated from 55 to 99°C with a ramp of 0.1°C/s to produce the denaturing curve (or melting curve) of the amplified products. Melting curves were used to validate product specificity. Obtained data were analyzed by the comparative C~q~ (quantitative cycle method) (Livak and Schmittgen, [@B30]). The PCR efficiency from the exponential phase (Eff) was calculated for each individual amplification plot using the LinReg software (Ramakers et al., [@B44]). In each plate, the average of PCR efficiency for each amplicon was determined and used in further calculations.

Selection of potential reference genes
--------------------------------------

Three softwares, *geNorm* (Vandesompele et al., [@B57]), *NormFinder* (Andersen et al., [@B1]), and *BestKeeper* (Pfaffl et al., [@B37]), were used to select the most stably expressed reference genes during slash pine oleoresinosis. Expression stability of the candidate reference genes was first ranked using *geNorm* and the output was compared to the results of *NormFinder* and *BestKeeper*.

The *geNorm* algorithm calculates the average expression stability (*M*-value) using raw non-normalized expression values, which gives the average pairwise variation (V~n~/V~n+1~) of expression of a particular gene in relation to all candidate reference genes. According to this software, the gene with the lowest *M*-value is considered the most stable. Using an *M*-value below the threshold of 1.5 was initially recommended (Vandesompele et al., [@B57]), although a maximum value of 0.5 has been proposed for more accurate results whenever possible (Hellemans et al., [@B22]; Gutierrez et al., [@B18]). Genes with the lowest *M*-values have the most stable expression. In addition, *geNorm* software calculates the minimal number of reference genes required for normalization based on the geometric mean of their final optimal set. A pairwise variation of 0.15 is accepted as cut-off (Vandesompele et al., [@B57]), below which the inclusion of an additional control gene is not required for reliable normalization.

*NormFinder* has an algorithm that uses raw non-normalized data in the form of expression values generated using the comparative *C*~q~ method. It enables estimation of the overall variation of the reference normalization genes and the variation between subgroups of the sample set, taking into account intra- and intergroup variations for normalization factor calculations. Genes with lowest values are considered the most stable and are top ranked. Similarly to the *geNorm* method, *NormFinder* reveals a score of expression stability to each gene, which is negatively correlated with the stability of gene expression (Andersen et al., [@B1]). The best candidate will be the one with the closest to zero inter-group variation, and, at the same time, having the smallest error bars.

*Bestkeeper* uses raw data (*C*~q~-values) and PCR efficiency and ranks the stability of candidate reference genes by performing a statistical analysis of the *C*~q~-values based on three variables: Pearson correlation coefficient (r), standard deviation (SD) and percentage covariance (CV). In this case, any studied gene with the SD higher than 1 is considered inconsistent and should be excluded.

Validation of reference genes
-----------------------------

To further confirm the reliability of the potential reference genes, the relative expression profiles of four genes involved in mono, di and sesquiterpene biosynthesis in pines were examined. Expression profiles of putative *P. elliottii* orthologs (herein referred to as "like-genes"---Table [S1](#SM4){ref-type="supplementary-material"}) of resin biosynthesis-related genes encoding *P. contorta* β-pinene synthase (*(*−*)*β*pinS1-*like; Hall et al., [@B19]), *P. taeda* α-pinene synthase (*(*+*)*α*pinS*-like; Phillips et al., [@B39]), *P. contorta* levopimaradiene/abietadiene synthase (*LAS1*-like; Hall et al., [@B20]), and *P. taeda* α-farnesene synthase (α*FS*-like; Phillips et al., [@B39]) were examined following stimulant paste application. In these analyses, the normalization of expression data was carried out using the most stable genes identified in this study.

The qPCR amplification conditions were the same as described above. Relative expression levels of the target gene were calculated with the 2^−ΔCq^ method (Livak and Schmittgen, [@B30]). Values shown represent the average of three biological replicates.

The analyses covered three time points (5, 8, 15 days after wounding) and three different treatments with stimulant pastes (NAA, POTASSIUM, and CEPA), besides the control (bark streak only).

All amplicons of both reference and TPS genes were sequenced to confirm correct identity.

Statistical analyses
--------------------

Experiments were conducted in completely randomized layout. Results were analyzed by ANOVA followed by Tukey test or Welch ANOVA followed by Dunnett\'s C test (between time points within each treatment) or *t*-test (between treatments within each time point), whenever appropriate, using the statistic package SPSS 20.0 for Windows (SPSS Inc., USA). A *P* ≤ 0.05 was used in all cases. Data were expressed as mean ± standard error (S.E.).

Results {#s3}
=======

Resin yield induced by different stimulant paste treatments
-----------------------------------------------------------

Estimated resin biomass exuded per streak was significantly increased in all of the trees treated with resin-stimulant paste compared to the non-stimulated control trees. Although CEPA treated trees produced more resin that those treated with POTASSIUM, overall yields of trees stimulated with the different pastes were very similar (Figure [S1](#SM1){ref-type="supplementary-material"}).

Description and expression profile of the candidate reference genes
-------------------------------------------------------------------

Total RNA isolated from the 48 samples (including biological replicates) had high quality. Specificity of the primers was confirmed by agarose gel electrophoresis and melting curve analysis (Figure [S2](#SM2){ref-type="supplementary-material"}). Sequencing of amplicons confirmed the identity of all candidate reference genes (data not shown). Amplification efficiencies of PCRs ranged from 1.832 for *SAND* to 1.961 for *ACT* (Table [2](#T2){ref-type="table"}). These numbers provided a good basis for further validation of reference genes.

The expression level of the genes tested was different. In qPCR, considering all time point values, the reference genes reached mean *C*~*q*~-values (i.e., number of cycles needed for the amplification- related fluorescence to reach threshold level of detection) ranging from 21 to 32, most lying between 22 and 26. *CYP* (mean *C*~q~ ± S.E. = 21.85 ± 0.25) was the most expressed gene and *SAND* (mean *C*~q~ ± S.E. = 32.73 ± 0.33) the least. The expression profiles of all candidate reference genes along the different treatments tested are shown in Figure [2](#F2){ref-type="fig"}.

![**Expression of tested reference genes along the different treatments and days of analysis presented as *C*q mean value ± standard error (S.E.)**. Legend: pink diamond (*ACT*), yellow square (*AK*), green triangle (*ATUB*), white "X" mark--(*CYP*), gray "X" mark: (*eEF*), purple circle--(*eIF4II*), blue triangle (*HEATS*), dark square: (*HISTO3*), dark circle: (*REDUC*), red diamond: (*SAND*), and blue square: (*UBI*).](fpls-07-00849-g0002){#F2}

Expression stability of candidate genes
---------------------------------------

Three different approaches implemented in *geNorm, Normfinder*, and *Bestkeeper* programs were used to determine the expression stability of each candidate gene in comparison to the other candidate genes. Overall, the rankings generated by the three programs were consistent.

### geNorm

Under different treatment conditions and throughout the sampling period, 10 reference genes showed high expression stabilities with threshold values below 1.5. The exception was the *AK* gene (*M* = 1.65), which was disregarded for further analysis. Among those genes with *M* values below 1.5, *HEATS* (*M* = 1.28) was the least stable gene and *HISTO3* and *UBI* (*M* = 0.57) were identified as the best pair of reference genes (Figure [3A](#F3){ref-type="fig"}).

![**ge*Norm* descriptive analyses during oleoresinosis in *P. elliottii*. (A)** Average expression stability (*M*) and ranking of the 11 reference genes. A lower average expression stability *M* value indicates more stable expression. **(B)** Pairwise variation of the candidate genes.The pairwise variation (Vn/Vn+1) was calculated between the normalization factors NFn and NFn+1, with a recommended cut-off threshold of 0.150.](fpls-07-00849-g0003){#F3}

To generate accurate and reliable results, *geNorm* algorithm finds the optimal number of suitable reference genes required for proper normalization by step wise calculation of the pairwise variation (V~n~/V~n+1~) between two sequential normalization factors, which measures the effect of increasing reference genes required for normalization. Considering the reference value of 0.15 proposed by Vandesompele et al. (Vandesompele et al., [@B57]), both V6/7 and V7/8 reach it, indicating that six reference genes are required for normalization of gene expression analyses. However, V5/6 showed an acceptable value (0.153), suggesting that five reference genes may also suffice for expression analyses (Figure [3B](#F3){ref-type="fig"}).

### NormFinder

Results from this software highlighted *UBI* as the best reference gene (stability value = 0.34), and ranked *CYP* (0.42) and *HISTO3* (0.49) in the second and third positions, respectively, whereas *HEATS* and *AK* were scored as the least stable genes (Table [3](#T3){ref-type="table"}). Nevertheless, results showed *UBI* and *HISTO3* at the forefront of the ranking, indicating a good agreement between the results of *NormFinder* and *geNorm* for the data set.

###### 

**Ranking of candidate reference genes in *P. elliottii* in decreasing order of expression stability calculated by *NormFinder* software**.

  **Ranking order**   ***NormFinder* (stability value ± S.E.)**
  ------------------- -------------------------------------------
  1                   *UBI* (0.34 ± 0.03)
  2                   *CYP* (0.42 ± 0.09)
  3                   *HISTO3* (0.49 ± 0.20)
  4                   *SAND* (0.50 ± 0.22)
  5                   *ACT* (0.55 ± 0.10)
  6                   *eEF* (0.63 ± 0.15)
  7                   *eIF4II* (0.69 ± 0.17)
  8                   *ATUB* (0.88 ± 0.39)
  9                   *REDUC* (0.91 ± 0.50)
  10                  *HEATS* (0.97 ± 0.57)
  11                  *AK* (1.93 ± 0.68)

### BestKeeper

*BestKeeper* was also used to calculate and compare gene expression variation for the candidate reference genes based on their pair-wise correlation with an index value, which is indicated by the Pearson correlation coefficient (*r*). *BestKeeper* calculates the standard deviation (SD) and the coefficient of variation (CV) based on the raw *C*~q~-values of each gene. Because the maximum number of genes analyzed by this algorithm is 10 (Pfaffl et al., [@B37]), the candidate gene *AK* was excluded from the analyses, since it ranked lower in the previous analyses (*geNorm* and *NormFinder*). The most stable reference genes exhibit the lowest CV and SD and highest *r*. Genes with SD higher than 1 should be considered inconsistent. Only two genes, *UBI* and *HISTO3*, had *SD* ≤ 1 and thus could be considered to be stably expressed. Regarding these two genes, *BestKeeper* recommended *UBI* as the most stable gene with the highest correlation coefficient (0.893) and lowest CV \[% *C*~q~\] (4.01). The second most stable gene was *HISTO3*, with an *r* of 0.869 and CV of 4.09. The comparison of the eight other candidate reference genes was based on their *r*-value and resulted in a ranking as follows, from the most stable to the least stable: *ACT* \> *eEF* \> *CYP* \> *ATUB* \> *SAND* \> *REDUC* \> *EIF4II* \> *HEATS*. The complete ranking is depicted on Table [4](#T4){ref-type="table"}. These results were essentially consistent with those obtained using *geNorm* and *NormFinder*.

###### 

***BestKeeper* descriptive statistical analyses of 10 reference genes of vascular cambium in *P. elliottii* during oleoresinosis, *n* = 48 (total number of samples)**.

  **Factors**   **Stability of reference genes**                                                                          
  ------------- ---------------------------------- ------- ------- ----------- ------- ------- ---------- ------- ------- ----------
  SD \[± Cq\]   1.66                               1.53    1.10    1.64        1.35    1.53    **0.99**   1.98    1.19    **0.99**
  CV \[% Cq\]   6.20                               5.66    5.04    7.28        5.17    5.25    4.09       7.70    3.62    4.01
  *r*-value     **0.946**                          0.817   0.915   **0.945**   0.787   0.548   0.869      0.793   0.814   0.893
  *P*-value     0.001                              0.001   0.001   0.001       0.001   0.001   0.001      0.001   0.001   0.001
  Ranking       3                                  6       5       4           9       10      2          8       7       1

*n, number of samples; SD \[±Cq\], standard deviation of C~q~-values; CV \[% Cq\], coefficient of variance expressed as percentage of C~q~-values; r, Pearson correlation coefficient; P, probability value. The highest r-values and SDs lower than 1 have been highlighted in bold*.

Reference gene validation
-------------------------

Expression profiles of (−)β*pinS1*-like, *LAS1*-like, (+)α*pinS-*like, and α*FS-*like genes were examined following resin stimulant paste application. The best pair of reference genes identified (*UBI* and *HISTO3*) was used as normalizer. The analyses covered three time points (5, 8, 15 days after treatment) and three different treatments with stimulant paste (NAA, POTASSIUM and, CEPA), besides the control (bark streak only). Sequencing of amplicons confirmed identity of all TPS genes. (−)β*pinS1*-like mRNA expression remained stable after 5 and 8 days, but increased significantly after 15 days in CEPA-treated trees. At this time, expression in CEPA-treated trees was higher than that of the control treatment (Figure [4A](#F4){ref-type="fig"}). For the other treatments, (−)β*pinS1*-like expression was essentially the same throughout the time course evaluated. Potassium-treated trees had lower expression of (−)β*pinS1*-like compared to control in day 5.

![**Relative expression profile of target genes during oleoresinosis in *P. elliottii* 5, 8, and 15 days after treatment**. **(A)**(−)β*pinS1*-like*;* **(B)** (+)α*pinS*-like*;***(C)** *LAS1*-like.The expression profile of the target genes was investigated relative to the best combination of reference genes indicated by *geNorm, NormFinder*, and *BestKeeper* softwares (*HISTO3* and *UBI*). Different lowercase, uppercase, italic, and Greek letters indicate significant difference among the samples of control, NAA, potassium, and CEPA, respectively, by Tukey test or Dunnett\'s C test (*P* ≤ 0.05). ^\*^Indicates that the treatment was significantly different compared to control (bark streak only, with no resin stimulant paste) within the respective time point by *t*-test (*P* ≤ 0.05).](fpls-07-00849-g0004){#F4}

Expression of(+)α*pinS*-like gene also showed increases in expression at later time points, particularly for NAA and CEPA-treated trees (Figure [4B](#F4){ref-type="fig"}). CEPA-treated trees had a peak in day 8, whereas NAA-treated ones reached a maximum in day 15. At this time, expression of (+)α*pinS*-like in NAA-treated trees was significantly higher than in the corresponding control treatment (Figure [4B](#F4){ref-type="fig"}). As seen for the (−)β*pinS1*-like gene, expression of *(*+*)*α*pinS*-like in potassium-treated trees was lower compared to the corresponding controls in days 5 and 8.

Expression of *LAS1*-like gene increased over time, peaking at 15 days for all treatments. Significant increases throughout the time course were observed for NAA and potassium-treated plants (Figure [4C](#F4){ref-type="fig"}). However, there were no differences of treatments within time points in relation to control plants, except for decrease in potassium treatment in days 5 and 8. Compared to the pinene synthase-like genes, *LAS1*-like gene expression was considerably lower, between one and two orders of magnitude (Figure [4](#F4){ref-type="fig"}).

The α*FS-*like gene expression was only consistently detected in day 15, all treatments being equivalent in level of expression. This gene also showed relatively low expression in days 5 and 8, ranging from 0.05 to 0.06 (data not shown).

Discussion {#s4}
==========

The selection of appropriate housekeeping genes is a crucial requisite to successful gene expression profiling based on qPCR. The use of inaccurate reference genes can lead to inconsistent results, particularly when variations in the rate of transcription are small between sample groups (Dheda et al., [@B12]; Etschmann et al., [@B13]). Ideal reference gene(s) should exhibit relatively constant levels of RNA steady-state in all tissues/cells or organs and should not be regulated or influenced by the experimental procedures (Radonić et al., [@B43]; Guenin et al., [@B17]). Nevertheless, ideal reference genes for all tissues, biological conditions and treatments may be difficult to establish, for the expression of a putative reference gene may vary among the several possible biological situations.

Eleven putative reference genes were selected for expression studies on *P. elliottii* oleoresinosis based on previous reports that indicated them as suitable genes for normalization of expression profiles in different species and in relation to other biological processes (Gonçalves et al., [@B16]; Wang et al., [@B58]; de Vega-Bartol et al., [@B11]). Those 11 candidates were evaluated to find the best set of stable gene normalizers to check gene expression associated with resinosis under the effect of alternative chemical elicitors at different time periods after initial bark wounding. Expression stability was evaluated by three different softwares (*geNorm, NormFinder*, and *BestKeeper*), enabling a more reliable analysis considering the gene expression data. *HISTO3* and *UBI* were identified as the top reference genes using *geNorm* and *BestKeeper*, whereas *NormFinder* ranked *HISTO3* in the third ranking position, ranking *UBI* and *CYP* as the most stable genes. In spite of some minor inconsistencies that are usually observed between these different methods (Gonçalves et al., [@B16]; Lin and Lai, [@B27]; Morgante et al., [@B34]; Chang et al., [@B6]; Liu et al., [@B28]), our results were quite consistent regardless of the algorithm employed.

Several studies have shown that the application of more than one reference gene can provide greater accuracy in qPCR experiments with plants (Vandesompele et al., [@B57]). To determine the optimal number of reference genes required for accurate normalization, the *geNorm* software calculates the pairwise variation (Vn/Vn+1) between the sequential normalization factors. Our results indicated five to six as the ideal number of housekeeping genes, which would increase significantly the experimental costs. However, a number of other studies using this application have resulted in higher pairwise variations (De Ketelaere et al., [@B10]; Hong et al., [@B23]; Jian et al., [@B24]; Fernandez et al., [@B15]; Han et al., [@B21]; Kong et al., [@B26]). The *geNorm* threshold lower than 0.15 is not a strict cut-off but an ideal value to provide guidance in determining the optimal number of reference genes, also requiring an analysis of the trend of changing pairwise variation values (Hong et al., [@B23]). Depending on the specific conditions of the study, the optimal number of stable controls that should be used for normalization against the target genes has to be modified. In the present study, the experiments were performed in the field, with environmental conditions not subject to control and using individuals derived from seeds, hence with distinct genetic characteristics. Therefore, we suggest that two reference genes (*HISTO3* and *UBI*) are sufficient to normalize samples, since the V2/3 value was relatively close to 0.15 (V2/3 = 0.17) and the stepwise addition of a third reference gene did not result in decrease of the V value closer to 0.15 (V3/4 = 0.22) (Figure [3B](#F3){ref-type="fig"}).

The high expression stability showed in our experiments for *HISTO3* and *UBI* corroborates data from Tu et al. ([@B56]) in a study with cotton (*Gossypium hirsutum* L.). The expressions of *HISTO 3, UBI 7* and *Gbpolyubiquitin-1* were the most stable during cotton fiber development and somatic embryogenesis. Wang et al. ([@B59]) also selected ubiquitin as one of the most reliable reference gene for gene expression under abiotic stress in cotton, and the same result was also previously seen in other species (Hong et al., [@B23]; Løvdal and Lillo, [@B31]; Morgante et al., [@B34]; Monteiro et al., [@B33]).

The use of qPCR to examine reference gene expression in conifers is still very limited. To date, studies of normalizing genes in conifers have focused on somatic embryogenesis (Gonçalves et al., [@B16]; de Vega-Bartol et al., [@B11]). Expression profiles of four candidate reference genes have been examined in maritime pine (*P. pinaster*) during embryogenesis: *GAPDH, 18S, eIF4AII*, and *UBI* (Gonçalves et al., [@B16]). However, high variability of the four genes tested ruled out their use as internal standards for qPCR in this developmental process.

De Vega-Bartol et al. ([@B11]) analyzed internal control genes during different steps of somatic embryogenesis in *P. pinaster* and *P. abies* (embryonal mass proliferation, embryo maturation and germination). The best combination for *P. pinaster* included three genes: *EF1, ATUB*, and *HISTO3*. For *P. abies*, four genes were necessary for normalization: *ATUB, AK, CAC*, and *EF1*. However, authors discuss that more accurate results were obtained when each developmental stage was analyzed separately. In spite of the reported developmental stage dependence found in these studies, our results on *P. elliottii* resinosis concerning the use of *HISTO3* as suitable housekeeping gene is in good agreement with *P. pinaster* embryogenesis expression data. This could be an indication that *HISTO3* may represent a useful option to be considered in other conifer studies.

The oleoresin synthesized by *Pinus* is a major source of terpenes, which are biosynthesized by TPS mostly in the cambium zone and associated with vascular tissues. Oleoresin is a well-established defense product in conifers and its biosynthesis may be modulated, at least in part, by wounding and/or chemical stimuli (Rodrigues-Corrêa and Fett-Neto, [@B51]). Chemical treatments in addition to wounding have been used as an economic strategy explored in resin tapping operations, as a result of the improvement in resin exudation (Rodrigues-Corrêa and Fett-Neto, [@B51]; Rodrigues-Corrêa et al., [@B50]).

Various genes encoding TPS have been already isolated and characterized from conifer species (Rodrigues-Corrêa et al., [@B50]). Four different resin biosynthesis-related genes were evaluated as targets during resin extraction under field conditions for validating the best normalizers identified in the present study (*UBI* and *HISTO3*), as determined by *geNorm, NormFinder* and *BestKeeper* softwares. Expression profiles of *P. elliottii* orthologs of β-pinene (*PcTPS-*(−)β*pin1*), levopimaradiene/abietadiene (*PcLAS1*) synthase, α-pinene synthase (*PtTPS-*(+)α*pin*), and α-farnesene synthase (*Pt*α*FS*) genes were examined following resin stimulant paste application.

Taken together, the main results for expression profiles of the resin biosynthesis-related target genes used in reference gene validation may be summed up as follows: (1) higher expression levels of all genes were observed at later time points; (2) (−)β*pinS1*-like and (+)α*pinS*-like genes were more expressed than those of *LAS1*-like and α*FS*-like genes; (3) significantly higher expression relative to control trees was observed in phytohormone (NAA and CEPA)-stimulated trees, which correlated well with higher resin yields; (4) in spite of its capacity to increase resin yield, potassium-based pastes had almost no stimulatory effect on gene expression.

The kinetics of gene expression showing an increase at later time points is in agreement with the general practice of bark streaking every 15 days, since this would ensure a reactivation of the wound responses that lead to resin production and flow (Rodrigues et al., [@B46]). *P. elliottii* trees had an increase in monoterpene biosynthesis after 2 weeks of wounding (Popp et al., [@B42]). The accumulated biosynthesized resin from the last streak likely flows during the first days after the current streak. In fact, it is commonly observed under field conditions that resin flow is more intense following bark streaking. Presumably, paste stimulants could induce new resin biosynthesis predominantly at transcript level in later time points during the current streak and enzyme activity at earlier periods in the following streak.

The higher expression of (−)β*pinS1* and (+)α*pinS*-like genes compared to *LAS1*-like and α*FS*-like genes within the time frame evaluated is consistent with reported changes in gene expression and enzyme activity for *Abies grandis* after wounding, in which higher gene expression (Northern blot data) and TPS activity were determined for monoterpene synthases (Trapp and Croteau, [@B55]). In *P. contorta* and *Pinus banksiana* successive bark punches (10 mm diameter) at zero, 2 and 14 days resulted in increased pinene amounts in exuded resin after 2 and 14 days (Clark et al., [@B7]). Increased monoterpene synthase gene expression was found in *Picea sitchensis* with a peak of expression between 7 and 16 days post-wounding (Byun-McKay et al., [@B4]). Transcriptomic studies detected that high level of expression of a monoterpene synthase was associated with increased resin production in 27 year-old bark streaked trees of *Pinus massoniana* not treated with stimulant paste (Liu et al., [@B29]). Although these various patterns of gene expression and terpene production are not from the same species and experimental conditions, they may reflect a highly conserved mechanism of response to damage in conifers. Indeed, well-established chemical stimulants of slash pine resinosis were effective in inducing resin exudation in saplings of a rather primitive gymnosperm that has resin canals only in its bark, *Araucaria angustifolia* (Perotti et al., [@B36]).

Up-regulation of (−)β*pinS1* and (+)α*pinS*-like was recorded in plants chemically stimulated with CEPA. CEPA is an ethylene-releasing compound and one of the main oleoresin stimulators (McReynolds and Kossuth, [@B32]). The effect of this compound includes increased biosynthesis of mono and diterpenes in other conifers (Croteau et al., [@B8]; Popp et al., [@B41],[@B42]; Katoh and Croteau, [@B25]), in good agreement with the results obtained in this study.

Chemical stimulation with NAA also induced increased expression of (+)α*pinS*-like. Auxin can indirectly affect the yield of oleoresin, probably by stimulating the production of ethylene by promoting transcription activation of 1-aminocyclopropane-1-carboxylate synthase (ACS) genes involved in ethylene biosynthesis (Chae and Kieber, [@B5]) and also by increasing the differentiation of vertical resin ducts (Fahn, [@B14]). Previous results examining production over a full year showed higher resin yields in plants treated with stimulant paste supplemented with the synthetic auxin 2-4-D (2,4-dichlorophenoxyacetic acid) when compared to control (only bark streak) (Rodrigues and Fett-Neto, [@B47]). Results of the present study suggest this effect may be at least in part due to increased transcription of a monoterpene synthase gene.

Results with *P. abies* and *P. contorta* showed that potassium takes part in the catalytic mechanism of monoterpene synthases, improving their activity (Savage et al., [@B52]; Trapp and Croteau, [@B55]). Previous results with potassium sulfate stimulant paste (500 mM) in *P. elliottii* showed an improvement of pine oleoresin yields when compared to control (Rodrigues et al., [@B45]). Considering the catalytic role of the metal, which takes place at post-translational level, increased transcript accumulation is not expected with potassium stimulant paste. The limited increases in quantitative gene expression data and the higher yields of resin biomass obtained in the present study with potassium-based paste are in good agreement with this expectation. The lower levels of gene expression observed for potassium paste-treated trees at some time points perhaps could reflect reduced need for transcriptional stimulation as a function of higher enzyme activation.

The absence of major and widespread differences regarding control and stimulated expression in the four target genes examined indicates that probably other levels of regulation of resin biosynthesis are important. These regulatory points may include enzyme activity, protein stability and modification, subcellular compartmentalization, metabolic channeling dynamics, metabolite transport, and substrate availability, all of which are known as being relevant forms of plant secondary metabolism control (Nascimento and Fett-Neto, [@B35]).

To our knowledge, this is the first systematic analysis for the selection of validated reference genes for qPCR in vascular cambium tissue of field-grown adult individuals of conifers under resin tapping operation, and the first demonstration of increased terpene synthase gene expression during oleoresinosis in slash pine. Our shortlist of reference genes may provide a useful tool to find normalizers for experiments that address other variables and physiological conditions in *Pinus*.
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###### 

**Description of target genes used to validate the putative reference genes**.

###### 

Click here for additional data file.

###### 

**Resin biomass yield estimated as average per streak**. Data for winter season based on 80 trees per stimulant paste treatment was used to estimate average resin yield per streak (corresponding to a 15 day period). Different letters indicate significant difference between treatments by Tukey test (*P* ≤ 0.05).
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Click here for additional data file.

###### 

**Specificity of qPCR. (A)** Melting curves of the 11 reference genes plus target genes showing a single peak (each representing a technical triplicate). Y-axis: derivative reporter (-Rn) of the melting peak (random units); X-axis: temperature of melting; each vertical line marking the melting peak represents the medium temperature of melting between 80 and 90°C. **(B)** Agarose gel showing PCR amplicons of each gene. Numbers in the gel correspond to the ones in the melting curves. DNA ladder in the gel: 100 bp.
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Click here for additional data file.
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